Molybdenum has a critical role in biological nitrogen fixation since nitrogenase activity, the central enzyme of this process, requires the presence of this element in its active center.
Introduction
Molybdenum is one of the scarcest oligonutrients in the biosphere (Esteifel, 2002) .
Plants use it as part of the molybdenum cofactor (Moco) in just five enzymes involved in nitrate assimilation, purine metabolism, phytohormone production, and sulfite detoxification (Tejada-Jimenez et al., 2013) . This nutrient, unlike other transition metals, is recovered from soil as the oxyanion molybdate instead of a cationic form. This determines that the transporters involved in this process are not the classical ones required for iron, copper, or zinc uptake, but members of other families. Molybdate shares some physicochemical characteristics with sulfate leading to cross-inhibition of sulfate transport by molybdate, probably due to non-specific molybdate transport through sulfate transporters in plants (Stout et al., 1951) . Therefore, until recently it was thought that sulfate transporters might mediate molybdate transport in eukaryotic systems (Mendel and Hansch, 2002; Kaiser et al., 2005) . The only known plant-type specific molybdate transporters belong to the Molybdate Transporter type 1 (MOT1) family and were identified in parallel in the green alga Chlamydomonas reinhardtii (Tejada-Jimenez et al., 2007) and in the higher plant Arabidopsis thaliana (Tomatsu et al., 2007) . They share a high degree of homology with the sulfate transport family SULTR, but lack the conserved STAS domain (Tejada-Jimenez et al., 2007) . In C. reinhardtii, CrMOT1 is responsible for high-affinity molybdate uptake, a process that is not severely affected by sulfate, indicating that MOT1 proteins are molybdate-specific transporters (Tejada-Jimenez et al., 2007) . In Arabidopsis two members of the MOT1 family have been identified. One of them has been proposed to play a role in efficient Mo uptake from the soil (Tomatsu et al., 2007) , although this function is not clear given the conflicting subcellular localizations reported for this transporter in plasma membrane or in mitochondria (Tomatsu et al., 2007; Baxter et al., 2008) ; while a second member of the MOT1 family is located in the vacuole of leaves and seems to be involved in intracellular and inter-organ Mo transport (Gasber et al., 2011) .
More recently, a MOT1 protein (LjMOT1) has been identified in Lotus japonicus, with a role in molybdate uptake from soil and translocation to the shoots, being located in the plasma membrane when expressed in tobacco leaves (Gao et al., 2016) . In addition, another molybdate transporter family, MOT2, belonging to the major facilitator superfamily has been identified in C. reinhardtii (Tejada-Jimenez et al., 2011) , indicating that molybdate transporters have appeared at least twice in evolution. However, its functionality as molybdate transporters has only been proved in this alga.
While all the plants employ molybdenum for Moco biosynthesis, legumes have an additional use for it. These organisms also require molybdenum for the assembly of the iron-molybdenum cofactor (FeMoco) of nitrogenase (Georgiadis et al., 1992; Rubio and Ludden, 2008) , the enzyme responsible for nitrogen fixation in their root nodules. In legumes, FeMoco is assembled by diazotrophic bacteria living within differentiated root organs, the nodules. These organs are developed in a complex process starting with the detection of rhizobial nodulation factors (Nod) by the host plant that leads to root hair curling, bacteria trapping, hydrolysis of the plant cell wall and bacteria delivery to the root nodule primordium through an infection thread (Kondorosi et al., 1984; Brewin, 1991; Oldroyd, 2013) . Once in the plant cytoplasm, rhizobia together with a plant-derived membrane result in organelle-like structures, the symbiosomes, where nitrogen fixation takes place. Two different types of nodules can be found in legumes (Sprent, 2007): determinate and inderterminate nodules. In inderterminate nodules, as those found in Medicago truncatula, the continuous meristem growth results in the formation of at least four different zones in mature nodules: the meristematic zone that drives nodule growth; the infection/differentiation zone, where rhizobia are released through the infection thread and differentiates to bacteroids; the fixation zone where nitrogenase carries out its enzymatic activity; and the senescent zone where bacteroids are degraded (Vasse et al., 1990 ). An additional nodule zone, the interzone, can be defined as the transition between infection/differentiation and fixation zone (Roux et al., 2014) . Once the oxygen tension drops in the interzone, endosymbiotic bacteroids express nitrogenase and the machinery that allows them synthesize FeMoco. Among them, is the modABC operon, responsible for molybdate uptake from the peribacteroid space (Maupin-Furlow et al., 1995; Delgado et al., 2006; Hernandez et al., 2009) . Consequently, for molybdate to reach the bacteroids, it has to cross the plasma and the symbiosome membranes, a process that has to be mediated by transporters belonging to two different families, given the two different directions of transport required.
In spite of the essential role that molybdenum has in nitrogenase, and the importance of nitrogenase in legume colonization of new environments and in sustainable 5 agriculture, the transporters involved in molybdenum supply to the bacteroids are not known. It can be hypothesized that molybdate transfer could in some cases be mediated by sulfate transporters. In this case, molybdate transfer across the symbiosome membrane could be carried out by SST1-like proteins, that have been previously associated with sulfate delivery to symbiosomes (Krusell et al., 2005) . At the plasma membrane, another sulfate transporter, such a SHST1 homologue could mediate molybdate uptake by rhizobiainfected cells since this transporter from the legume Stylosanthes hamata has already been shown to transport molybdate when it is expressed in yeast (Fitzpatrick et al., 2008) .
However, in planta SHST1 is expressed in the root and it is involved in sulfate uptake (Smith et al., 1995) , while its relationship with plant molybdate transport has not been determined yet. A more likely alternative would be transporters from the MOT1 or MOT2 families, since they could finely tune molybdate delivery for symbiotic nitrogen fixation, given their high specificity for this anion.
In this work, we have identified a M. truncatula member of the MOT1 family for FeMoCo biosynthesis. This is the first molybdate transporter known to be specific of legume symbiotic nitrogen fixation.
Results

MtMoT1
.3 belongs to the molybdate transporter MOT1 family and is specifically expressed in nodules.
Due to the possible role of MOT1 transporters in Mo supply for symbiotic nitrogen fixation, we carried out a search for MOT1 members in the M. truncatula genome. Five putative M. truncatula proteins were found (encoded by Medtr1g010210, Medtr1g010270, Medtr3g464210, Medtr4g011600 and Medtr3g108190) showing a sequence identity between 51.4 % and 65.7 % with an Arabidopsis member of the MOT1 family. These proteins were annotated as sulfate transporter-like proteins; however, sequence comparison showed that they cluster with plant MOT1 proteins and are more distant to sulfate transporters (SULTR) ( Figure 1A ). Additionally, these proteins also contain the two sequence motifs conserved in all MOT1 proteins (Tejada-Jimenez et al., 2007) (Figure 1B ). Therefore, we named these proteins MtMOT1.1 to MtMOT1.5, respectively. The number of MOT1 members present in M. truncatula contrasts with the situation reported for Arabidopsis where only two MOT1 transporters are present (Tomatsu et al., 2007; Baxter et al., 2008; Gasber et al., 2011) . Analysis of the number of MOT1 members in already sequenced plants showed that these proteins are present, in average, in a higher number in legumes than in non-legumes plants (Supplemental Table 1 ). This finding suggests a particular role of MOT1 proteins in legumes, where an additional molybdenum sink is present: diazotrophic bacteria in root nodules.
In order to study the possible relationship of the five putative MOT1 members of M. truncatula with symbiotic nitrogen fixation, a transcriptional analysis of these genes was carried out by real-time RT-PCR in plants during symbiotic association with Sinorhizobium meliloti or in uninoculated plants fertilized with nitrogen. We found that MtMOT1.3 expression is restricted to the nodule ( Figure 1C Figure 4) . Moreover, the specific peripheral distribution of MtMOT1.3-HA was also observed using an Alexa488-conjugated secondary antibody in nodules containing m-Cherry-expressing S. meliloti (Supplemental Figure 5A -5B). No The phenotype of mot1.3-1 was evaluated in symbiotic conditions, with nitrogen fixation as the sole nitrogen source, and under low Mo availability. In these conditions, 9 mot1.3-1 mutant showed a reduced growth rate compared with wild-type plants ( Figure   5C ). Consequently, plant biomass was reduced in the mot1.3-1 mutant by 70 % in shoots and 55 % in roots ( Figure 5D ). Nitrogenase activity was measured in mot1.3-1 and wildtype plants by the acetylene-reduction assay (Dilworth, 1966; Schöllhorn and Burris, 1966) .
mot1.3-1 plants showed a reduction of 90 % in nitrogenase activity, as compared to the activity measured in wild-type plants ( Figure 5E ). Nodulation was not affected in the mot1.3-1 mutant, since nodules were comparable to wild-type plants in terms of number and shape ( Figure 5F and 5G). Moreover, no differences in nodule anatomy, or nodulation kinetics were observed between mutant and control plants (Supplemental Figure 8) .
However, these nodules were on average smaller than those from wild type plants ( Figure   5G , Supplemental Figure 9 ). In addition, nodule molybdenum content in mot1.3-1 plants was significantly higher than the control ( Figure 5H Insertion of the mutated gene in the mot1.3-1 mutant under low molybdenum conditions also restored wild-type growth ( Figure 5A to 5E), supporting that mutation of MtMOT1.3 is responsible for this abnormal phenotype. In addition, it also validates the immunofluorescence data, since without a wild type-like expression profile and localization, no complementation would have been observed.
To check whether the lack of MtMOT1.3 activity could affect other processes in the plant, the phenotype of mot1.3-1 mutant was assayed under non-symbiotic conditions, with 10 nitrate as nitrogen source. In this situation, plant growth relies on the activity of the molybdo-enzyme nitrate reductase to reduce nitrate to nitrite that will be subsequently converted to ammonia and incorporated to amino acids by the glutamine synthetase/glutamine synthase pathway (Bernard and Habash, 2009 ). In these conditions mot1.3-1 plants showed a phenotype similar to wild-type plants in terms of growth rate, biomass and nitrate reductase activity, regardless of the Mo availability ( Figure 6A to 6C).
Therefore, the function of MtMOT1.3 seems to be restricted to symbiotic conditions when symbiotic nitrogen fixation has an important role in plant growth.
Discussion
Obtaining nitrogen from the atmosphere by biological nitrogen fixation is a sustainable alternative to the intensive use of synthetic nitrogen fertilizers in agriculture (Smil, 1999) . Legumes are able to use atmospheric N2 as nitrogen source by means of a symbiotic association with nitrogen-fixing bacteria from the soil, and they occupy between 12 and 15 % of the world arable land (Graham and Vance, 2003) . However, maintaining an adequate nitrogen fixation rate involves a complex biological process that requires an efficient nutrient supply from the plant to the rhizobia (Udvardi and Poole, 2013).
Molybdenum supply is critical for symbiotic nitrogen fixation since this oligonutrient is needed to synthesize the enzyme nitrogenase, directly involved in the reduction of N2 to produce NH4 + . In plants molybdenum is also present in other enzymes carrying out important metabolic processes such as nitrate assimilation (nitrate reductase) or phytohormone biosynthesis (aldehyde oxidase) (Tejada-Jimenez et al., 2013 Within the nodule, MtMOT1.3 is expressed in the interzone as well as in the early fixation zone, an expression pattern that is also validated by the transcriptomic data obtained from the Symbimics database (Roux et al., 2014) . This expression profile is consistent with a situation in which the rhizobia-infected cell is increasing its molybdenum content to transfer it to the bacteroids, so that when the physiological conditions are right, they can start synthesizing FeMoco. In contrast, iron-transporting MtNramp1, responsible for iron uptake by rhizobia-infected cells, shows a different expression profile, with a maximum of expression in the infection/differentiation zone (Tejada-Jimenez et al., 2015) .
This difference for the expression of iron and molybdenum transporter genes indicates that the uptake of these two elements occurs in two separate moments during nodule development, probably reflecting an earlier need for certain ferroproteins other than nitrogenase. It also indicates that molybdate release from the vasculature for uptake by rhizobia-infected cells occurs at the interzone and early fixation zone, in contrast to what has been proposed for iron and other transition metals (Rodriguez-Haas et al., 2013; 2016 Alternatively, sulfate transporters could also compensate the lack of MtMOT1.3; for instance, the sulfate transporter SHST1 from the legume Stylosanthes hamata is able to transport molybdate upon expression in Saccharomyces cerevisiae (Fitzpatrick et al., 2008) . Under non-symbiotic conditions, MtMOT1.3 does not play an essential role, as indicated by its expression profile and by the lack of phenotype observed under these conditions. Even when the plants require Moco-dependent nitrate reductase activity to 14 grow, no differences were observed between mutant and wild-type plants. These results reinforce the hypothesis of specialization of a legume MOT1 transporter during evolution to provide molybdenum for symbiotic nitrogen fixation.
In conclusion, molybdate transported by the host plant is released from the vasculature into the apoplast of the interzone/early fixation zone (Figure 7) . From there, MtMOT1.3 is responsible for introducing molybdate into rhizobia infected cells, as well as in the non-infected ones. The latter raises the question of why the non-infected cells would require molybdenum. Possible explanations would be that they are being prepared if they become infected, that they are buffering or storing molybdenum to be used later, or that this molybdenum is required to synthesize active Moco-dependent enzymes in these cells. Once in the cell cytosol, molybdate has to be transported across the symbiosome membrane.
Since no molybdate-specific efflux system is known, it could be speculated that this role is carried out by a sulfate transporter specific of this membrane such as SST1, whose mutation has a severe impact on nitrogenase activity (Krusell et al., 2005) . Primers used are indicated in Supplemental Table 2 . RNA levels were normalized by using the ubiquitin carboxy-terminal hydrolase gene as internal standard. RNA isolation and cDNA synthesis were carried out as previously described (Tejada-Jimenez et al., 2015) .
GUS Staining
pMtMOT1.3::GUS construct was obtained by amplifying 1.1 kb upstream of the
MtMOT1.3 (Nakagawa et al., 2007) start codon using the primers 5MtMOT1.3pGW and 3MtMOT1.3pGW (Supplemental Table 2 ). The resulting fragment was cloned by Gateway cloning technology (Invitrogen) into pGWB3 vector. Hairy-root transformation was carried out as described above. GUS staining was performed in root of 28-dpi plants as previously described (Vernoud et al., 1999) . Nodules sections were clarified with 50% bleach for 30 min.
Immunohistochemistry and confocal microscopy Nitrogenase activity Acetylene reduction assay was used to measure nitrogenase activity (Hardy et al., 1968) . Wild-type and mutant plants 28 dpi were separately introduced in 30-mL tubes.
Each tube was sealed with rubber stoppers and contained five independently transformed plants. Three mililiters of air of each bottle was replaced by the same volume of acetylene, tubes were subsequently incubated for 30 min at room temperature. Produced ethylene was measured by analyzing 0.5 mL of gas from each bottle in a Shimadzu GC-8A gas chromatograph using a Porapak N column.
Metal content determination
Inductively coupled plasma optical emission spectrometry was carried out at the Molybdenum, in form of molybdate would be released in the infection/differentiation zone, as already described for iron, in a process that could be assisted by a yet-to-be identified transporter that might belong to the MOT1 family (MtMOT1.X). From this point MtMOT1.3 would introduce molybdate into the cytoplasm of infected and non-infected cells within the nodule. The molybdate transport across the symbiosome membrane could be mediated by an orthologue of L. japonicus sulfate transporter SST1. Finally, molybdate would entry the bacteroids through the membrane component of the bacterial high affinity molybdate transport system ModB. IM, bacteroid inner membrane; OM, bacteroid outer membrane; SM, symbiosome membrane; PM, nodule cell plasma membrane.
